15 N ON during the less productive colder periods (i.e., glacial periods) were lower than that during the productive warmer periods (i.e., interglacial periods). Previous studies have reported that the biological production in WSAP, where it is limited by iron at present, during glacial periods was at more reduced level than during interglacials despite there being more eolian dust supply during glacial periods. This indicates that the increase of biological production with enhanced iron supply derived from eolian dust during the glacial periods did not occur. If this is the case and alternatively the iron input from the subsurface layer to the surface-mixed layer by ventilation process is more important as suggested by recent works, the variations in d 15 N ON would be explained by the variations in the Fe/NO 3 À ratio in the upwelled water. Although d 15 N ON has been affected by long-term diagenesis in the sediment, the usage of this isotopic ratio provides new implication regarding the past ocean circulation in the open WSAP.
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Introduction
[2] Recent works have found that the contents of biogenic opal [e.g., Narita et al., 2002; Okazaki et al., 2005; Shigemitsu et al., 2007] and biogenic barium [e.g., Sato et al., 2002; Jaccard et al., 2005; Shigemitsu et al., 2007] in the sediments of the western subarctic Pacific (WSAP) including the proximal marginal seas, such as the Okhotsk Sea and the Bering Sea, were lower during the glacial periods, indicating that the biological production during the glacial periods was lower. This has been explained by the weakened upwelling of the Pacific Deep Water due to the strengthened density stratification Jaccard et al., 2005; Shigemitsu et al., 2007] . Brunelle et al. [2007] found direct evidence for this hypothesis using d 15 N of diatom-bound nitrogen in the Bering Sea sediment, which generally showed higher values during glacial times than during interglacials. Their results explicitly explained the glacial strengthened density stratification. However, there are few data of d
15
N from the open WSAP covering the full glacial/interglacial cycle. Thus, it is necessary to obtain d 15 N data in addition to biological production proxies to understand past variations in ocean circulation better.
[3] In paleoceanographic studies, d 15 N data of bulk nitrogen in sediments have been generally used [e.g., Holmes et al., 1997; Ganeshram et al., 2000] . Thus, these data include the isotope signals of both organic nitrogen and inorganic nitrogen, which implicitly assumes that d 15 N of bulk nitrogen reflects that of organic nitrogen. Recent studies, however, have shown a significant contribution of inorganic nitrogen to the bulk nitrogen pool of marine sediments [Schubert and Calvert, 2001; Freudenthal et al., 2001; Kienast et al., 2005] 
Materials and Methods
[4] A sediment core (1350 cm in length) was collected with a piston core sampler in WSAP during the Cruise MR98-05 of R/V Mirai (50°00 0 N, 164°59 0 E, water depth 5500 m) ( Figure 1 ) and its upper part of about 550 cm was used for this study. The sediment core was cut into slices of 2 cm thickness. The age model of this core has been described by Shigemitsu et al. [2007] [Schubert and Calvert, 2001; Silva and Bremner, 1966] . This procedure removes more than 98% of ON fraction by oxidation [Schubert and Calvert, 2001; Silva and Bremner, 1966] [Petit et al., 1999] as in the previous work [Shigemitsu et al., 2007] because the variations of excess barium (Ba ex ) which we consider as the most reliable proxy of biological production in WSAP have been already clarified to be in phase with those of the dD [Jaccard et al., 2005; Shigemitsu et al., 2007] and such a definition is thought to be effective when we examine the relationship between Ba ex and d 15 N ON to understand the past ocean circulation. However, we notice that such a definition should be limited only to examining the relationship between past biological production and ocean circulation in this study core because recent paper showed that the correlation between the subarctic Pacific Ba ex and the Vostok dD is more complicated than initially expected [Galbraith et al., 2007] Shigemitsu et al. (submitted manuscript, 2008) . Stages were defined as in Table 1 . The shaded areas show glacial cold periods (light gray: areas 2, 4 and 6), interglacial cold periods (dark gray: areas 5b and 5d), and deglacial period (the intermediate gray between light and dark: area 1b). In this figure, v was omitted from stage numerals.
[6] The comparison of a plot of BN versus organic carbon (C) with that of ON (calculated by subtracting IN from BN) versus C is widely used to judge whether KOBr-KOH method successfully removed ON, because large contribution of IN to BN would lead to nonzero intercept in the plots [e.g., Schubert and Calvert, 2001] . The comparison is shown in Figure 3 . Differently from the previously published plots, their relationships in our samples are represented not by a linear regression but by a secondorder polynomial one, respectively. That is explained by the variable ratios of C to BN (C/BN) and ON (C/ON) in this core (i.e., high C/BN and C/ON ratios where C are high, and low ratios where C are low), which probably represent that the contribution of terrigenous organic matter with high C/N ratio [Hedges and Parker, 1976; Hedges et al., 1986] to total organic matter varied over time. Thus, in the present study, this comparison cannot be used to judge whether KOBr-KOH method successfully removed organic matter in the sediments or not. However, as clarified in our recent research (M. Shigemitsu et al., submitted manuscript, 2008) , IN was generally high during glacial periods ( Figure 2 ) and shows a positive correlation with eolian dust, Loess (r = 0.79, p < 0.001; shown in Figure 6 ) reconstructed by removing volcanic materials as contaminants using metal components (Al, Sc, La, Yb, and Th) in our previous study [Shigemitsu et al., 2007] . This means that eolian dust transported to WSAP was the main carrier of IN, which is consistent with the previous work [Müller, 1977] . In diatom rich sediments, large amounts of organic matter are surrounded by silica valves (opal) and this diatom-bound organic matter is partially protected from benthic remineralization or wet chemical oxidation [Sigman et al., 1999] . Although the sediment core used in this study contains a relatively rich opal content ranging from about 10 to 30% [Shigemitsu et al., 2007] , we could not find a significant positive correlation between IN and opal (r = À0.24, p > 0.01) (M. Shigemitsu et al., submitted manuscript, 2008) . This indicates that the alkaline KOBr-KOH solution technique might allows us to dissolve opal and oxidize diatom-bound organic matter. In addition, there was not significant correlation between d . If the samples after KOBr-KOH treatment would contain large amount of highly resistant organic matter, the correlation would be more positive. Although we cannot ascertain to date that the residues after KOBr-KOH treatment in our samples contain only IN and are not affected by highly resistant organic matter, the results indepen- dently presented above support the validity of the method used in the present study.
[7] ON varied from about 0.01 to 0.05% (Figure 4 ). The mean values were highest at 0.037% during Stage v2, and lowest at 0.019% during Stage v5b (Table 1) . When we compare ON contents in similar climatic conditions, the older stages show lower ON contents. For instance, the mean ON content is 0.034% for Stage v1a while it is 0.027% for Stage v5e, and it is 0.037% for Stage v2 whereas it is 0.027% for Stage v4. In addition, there is no significant correlation between Ba ex in this core [Shigemitsu et al., 2007] and ON (r = 0.27, p > 0.01) (Figure 4 and Figure 6 ). These results suggest the imperfect preservation of ON in the sediments, which has previously been seen in organic carbon content and its isotopic ratio of this core [Shigemitsu et al., 2007] and organic carbon content of other cores [e.g., Gupta and Kawahata, 2006] . Such an implication applies to the case of BN, indicating that the variations in BN reflect those in ON (Figure 2 and Table 1 
where BN and IN are the contents of BN and IN in a sample, respectively.
[9] The results of these calculations are shown in Figure 4 . [Petit et al., 1999] and ages were assigned as in the previous study [Shigemitsu et al., 2007] . 2008GC001999 has been used to discern the difference of organic matter sources because land-derived organic matter has a higher C/N ratio than organic matter of marine origin [e.g., Myers, 1997]. In this core, the C/BN ratio varied from about 4 to 8 (Figure 4 ), indicating that organic matter in this core mainly consisted of marine organic matter because sedimentary organic matter of marine origin has a C/N ratio of about 8-9 [e.g., Redfield et al., 1963; Meyers, 1997] . However, this would be a misinterpretation because the C/ON ratio corrected for the effect of IN varied from about 6 to 15 (Figure 4) , suggesting terrigenous organic matter contributions on the basis of the typical values of 20 to 200 of the C/N ratio of terrigenous organic matter [Hedges and Parker, 1976; Hedges et al., 1986] . These results indicate the necessity of making a correction for IN to use the C/N ratio as an indicator of the organic matter source in the deep WSAP sediment, which is consistent with the results in the central Pacific by Müller [1977] . There was also a positive correlation between C/ON of the present study and Loess determined by Shigemitsu et al. [2007] (r = 0.64, p < 0.001), as shown in Figure 5 , meaning that terrigenous organic matter is mainly transported to WSAP with Loess. Because d
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N of terrigenous organic matter is lower than that of marine organic matter [Peters et al., 1978] N ON versus %Loess. C and Loess were determined in the previous study [Shigemitsu et al., 2007] . iron is indeed the main limiting factor for the biological production in WSAP, the following equation can be proposed to explain the changes of the fraction of surface nitrate consumed (f).
where U NO 3 À and U Fe are NO 3 À and iron utilization rate by phytoplankton from spring to autumn, W is the upwelling rate, S is the supply rate of eolian dust, and [NO [12] Since we are assuming that iron is the limiting factor for biological production, U NO 3 À can be rearranged as follows:
where {NO 3 À /Fe} phy is the average uptake ratio of nitrate to iron by phytoplankton during the growing season.
[13] By substituting (3) into (1), the surface nitrate consumption ratio (f) is obtained as follows:
If the average uptake ratio of nitrate to iron by phytoplankton has been constant on the timescales we focused on, then the fraction of surface nitrate consumed (f) would be determined by the Fe/NO 3 À ratio in the upwelled water and the ratio of supply rate of iron by eolian dust to that of nitrate by the upwelled water. It should be noted that whether or not the average uptake ratio of nitrate to iron by phytoplankton has remained constant over time need to be confirmed in the future because there are some works that oceanic diatoms change their iron and nitrogen quotas at respective ranges of variation with surrounding iron concentration [e.g., Muggli et al., 1996] .
[14] Although d 15 N ON has been affected by longterm diagenesis as stated above as well as reported in the equatorial Pacific [Altabet, 2001] [Shigemitsu et al., 2007] , during Stages v2 and v4 (i.e., glacial periods), Loess supply was higher but biological production was lower (Figure 6 ). On the other hand, during Stages v1a and v5e (i.e., interglacial periods), Loess supply was lower but biological production was higher. This indicates that the increase of biological production with the increase of Loess supply did not occur. Kienast et al. [2004] proposed that the reason behind there not being iron fertilization during glacial periods in this region might be because stimulating production by adding iron of eolian dust (i.e., Loess) has rapidly driven the ecosystem toward limitation of another nutrient such as silicic acid or nitrate. Figure 6 ), the ratio of supply rate of iron by Loess to that of nitrate by the upwelled water in equation (4) seems not to have been main determinant of f based on the previous stratification hypothesis Jaccard et al., 2005; Shigemitsu et al., 2007] .
[15] Then, alternate explanation in order to explain the variations in d this region, iron is hypothesized to be supplied primarily by upwelling [Ono et al., 2002] , which has been supported by the recent observations that the pattern of seasonal variations in dissolved iron concentrations in the surface-mixed layer of this region is similar to that of nitrate and is not consistent with that of dust events [Nishioka et al., 2007] . Nishioka et al. [2007] also proposed that the resuspended iron from the continental shelf areas of the Okhotsk Sea probably contributes to high dissolved iron concentration in the North Pacific Intermediate Water (NPIW) and the iron is supplied into the surface-mixed layer by water ventilation process. Additionally, Moore and Braucher [2007] showed the importance of dissolved iron source (i.e., sedimentary iron source from the continental margins) other than eolian dust using biogeochemical elemental cycling ocean model. If that dissolved iron is supplied into the surface-mixed layer mainly by upwelling in WSAP is true, equation (4) can be further simplified as follows:
[16] This equation is the same as one proposed by Altabet [2001] . From equation (5), lower d 15 N ON during colder periods would imply the lower Fe/ NO 3 À ratio in the upwelled water. This might be caused by the change of the source of NPIW with Figure 6 . Temporal variations of (a) excess barium content (Ba ex ) (solid line) [Shigemitsu et al., 2007] , Vostok ice dD values (gray line) [Petit et al., 1999] [Shigemitsu et al., 2007] . Stage numerals and shaded areas are the same as in Figure 2 . high concentrations of dissolved iron and particulate iron at present which are likely to be fueled by resuspended matter from the Okhotsk Sea [Nishioka et al., 2007] . The changes of the source region of NPIW have been inferred from the sedimentary microfossil evidences on a glacial/interglacial timescale [Ohkushi et al., 2003; Tanaka and Takahashi, 2005] . If this is the case, such changes might alter the amount of iron supplied by resuspended materials derived from the Okhotsk Sea and influence the Fe/NO 3 À ratio in the upwelled water in WSAP. This explanation seems straightforward and the assumption that dissolved iron is supplied primarily by upwelling is in line with both the observations in the present ocean [Ono et al., 2002; Nishioka et al., 2007] and paleoceanographic records in this study core. Our interpretation is different from that of Brunelle et al. [2007] Lannuzel et al. [2007] reported that total dissolvable iron concentrations in sea ice are an order of magnitude higher than those measured in the underlying seawater. If the sea ice derived iron can be important for the biological production in addition to upwelling derived iron, the difference between the results in the open WSAP and Bering Sea might be due to the difference of degrees to which the sea ice derived iron contributes to the iron concentrations in the surface of two locations. Specifically, the contribution of sea ice derived iron to the iron concentration in the surface would be higher in the Bering Sea than in the open WSAP because of the closer distance from the sea ice source region. This might increase the Fe/NO 3 À ratio in the surface water of the Bering Sea during colder periods in combination with the decrease in the supply of nitrate via upwelling due to the enhanced stratification despite possibility of decrease in the ratio of the subsurface layer, leading to higher consumption of nitrate. On the other hand, the Fe/NO 3 À ratio in the surface water of WSAP during colder periods might be controlled mainly by the upwelling as stated above, which implies that the contribution of the sea ice derived iron might be fractional or not existent and leads to our interpretation. We need further investigations with respect to the effect of sea ice derived iron in the future.
[17] We also need to note the fluctuations in the [Kienast et al., 2002] . Several evidences also suggest that water column denitrification tends to be greater during globally warm periods [e.g., Ganeshram et al., 1995 Ganeshram et al., , 2000 . On the basis of the rapid lateral exchanges observed within the subarctic Pacific gyre [Ueno and Yasuda, 2003] [Nakatsuka et al., 1995; Brunelle et al., 2007] , in the Okhotsk Sea [Ohnishi et al., 2002] , and in WSAP [Sigman et al., 1993] . Because there were no remarkable differences in Ba ex between Stages v1b and v1a in this core, and biological production was lower during Stage v1b rather than Stage v1a in the proximal marginal seas [e.g., Seki et al., 2004; Brunelle et al., 2007] , we cannot explain this maximum as only higher surface nitrate utilization by the increase of biological production. As speculated by Brunelle et al. [2007] , local water column denitrification in the Bering Sea and/or temporary increase of global d 15 N nitrate [Deutsch et al., 2004] [Nakatsuka et al., 1995; Ohnishi et al., 2002; Sigman et al., 1993] . In conclusion, we believe that the correction for the contributions of IN to BN work successfully.
Conclusions
[19] In this study, we have presented new d 15 N ON data in the deep WSAP sediment. Although we cannot ascertain to date that the residues after KOBr-KOH treatment in our samples consist only of IN and are not biased by highly resistant organic matter, the some indirect results support the validity of the method used in the present study. À ratio in the upwelled water, which might be caused by the change in the source region of NPIW. Although we cannot explicitly elucidate the general glacial/interglacial changes in d 15 N ON due to long-term diagenesis in the sediment, the usage of this isotopic ratio provided new implication regarding the past ocean circulation in the open WSAP. The information obtained in this study will have to be investigated using diatom-bound d 15 N to give it tighter constraints in the future.
